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Congenital infection with rubella virus (RUB) leads to persistent infection and congenital defects and we showed previously that primary
human fetal fibroblasts did not undergo apoptosis when infected with RUB, which could promote fetal virus persistence [Adamo, P., Asís, L.,
Silveyra, P., Cuffini, C., Pedranti, M., Zapata, M., 2004. Rubella virus does not induce apoptosis in primary human embryo fibroblasts cultures: a
possible way of viral persistence in congenital infection. Viral Immunol. 17, 87–100]. To extend this observation, gene chip analysis was
performed on a line of primary human fetal fibroblasts (10 weeks gestation) and a line of human adult lung fibroblasts (which underwent
apoptosis in response to RUB infection) to compare gene expression in infected and uninfected cells. A total of 632 and 516 genes were
upregulated or downregulated in the infected fetal and adult cells respectively in comparison to uninfected cells, however only 52 genes were
regulated in both cell types. Although the regulated genes were different, across functional gene categories the patterns of gene regulation were
similar. In general, regulation of pro- and anti-apoptotic genes following infection appeared to favor apoptosis in the adult cells and lack of
apoptosis in the fetal cells, however there was a greater relative expression of anti-apoptotic genes and reduced expression of pro-apoptotic genes
in uninfected fetal cells versus uninfected adult cells and thus the lack of apoptosis in fetal cells following RUB infection was also due to the
prevailing background of gene expression that is antagonistic to apoptosis. In support of this hypothesis, it was found that of a battery of five
chemicals known to induce apoptosis, two induced apoptosis in the adult cells, but not in fetal cells, and two induced apoptosis more rapidly in the
adult cells than in fetal cells (the fifth did not induce apoptosis in either). A robust interferon-stimulated gene response was induced following
infection of both fetal and adult cells and many of the genes upregulated in both cell types were those involved in establishment of an antiviral
state; this is the first demonstration of an interferon response at this early stage of human embryonic development. In both fetal and adult cells,
interferon controlled but did not eliminate virus spread and apoptosis was not induced in infected fetal cells in the absence of interferon. In
addition to the interferon response, chemokines were induced in both infected fetal and adult cells. Thus, it is possible that fetal damage following
congenital RUB infection, which involves cell proliferation and differentiation, could be due to induction of the innate immune response as well
as frank virus infection.
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Rubella virus (RUB), a member of the Togaviridae family, is
a positive-polarity, single-stranded RNA virus that causes a
generally mild disease in children and adults but is considered a
pathogen of significant medical importance because of its⁎ Corresponding author: Fax: +1 404 651 3105.
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doi:10.1016/j.virol.2007.08.003potential to produce congenital defects, known collectively as
congenital rubella syndrome (CRS), when the infection occurs
in utero, especially during the first trimester of gestation
(Banatvala and Brown, 2004; Lee and Bowden, 2000; Plotkin,
2001; Robertson et al., 2003; Wolinsky, 1996). The most
pronounced CRS defects are associated with the eyes, ears,
brain, heart, liver, spleen, and endocrine system. Affected organs
exhibit reduced size and cell number and vascular damage can be
widespread, often including necrotic lesions of adjoining tissue.
Additionally, CRS infants are persistently infected at birth due in
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of RUB infection in utero on cell number and organ deve-
lopment, studies on RUB-induced teratogenesis have focused on
the effect of RUB replication on the infected cell. A number of
these studies demonstrated that RUB interfered with cell
division, RUB proteins bound to cell factors involved in cell
division, or RUB altered cellular proliferative pathways (Atreya
et al., 1995, 1998, 2004b; Beatch andHobman, 2000; Bowden et
al., 1987; Buzás et al., 2004; Cooray et al., 2005; Forng and
Atreya, 1999; Lee and Bowden, 2000; Mohan et al., 2002; Singh
et al., 1994; Yoneda et al., 1986). RUB also induces apoptosis in
some cell culture lines including Vero (African green monkey
kidney), RK13 (rabbit kidney), and rat oligodendrocytes, but not
in others such as BHK-21 (hamster kidney), and it has been
suggested that RUB-induced apoptosis may be associated with
the development of CRS (Atreya et al., 2004a; Domegan and
Atkins, 2002; Duncan et al., 1999; Hofmann et al., 1999; Lee
and Bowden, 2000; Pugachev and Frey, 1998). However, in a
previous study, we showed that while RUB induces apoptosis in
nonproliferative primary cultures of cytotrophoblasts (CTB) and
explants of chorionic villi (ECV) derived from human term
placentas, it did not induce apoptosis in proliferative human
fibroblasts derived from whole embryos of 10 weeks gestation
(Adamo et al., 2004). Megyeri et al. (1999) also reported that
RUB did not induce apoptosis in two lines of fetal lung
fibroblasts. From these findings we hypothesized that the lack of
apoptosis would promote virus persistence during congenital
infection. Teratogenesis would then be due to disruption of cell
growth and differentiation by the noncytocidal, persistent
infection, rather than apoptosis, as proposed by Wolinsky
(1996). To begin the study of how RUB infection alters the host
cell, we used DNA microarrays to compare gene expression in
uninfected and infected human fetal and adult cell cultures.
Unexpectedly, we also found that comparison of gene expres-
sion between the uninfected and infected fetal and adult cultures
was relevant to the differential induction of apoptosis by RUB
infection in these two cell lines.Fig. 1. Growth of RUB in human cell lines. Cultures of Hs888Lu, HEF, Hs143we, and
in the culture medium was determined by plaque assay at 1, 3, 5, and 7 dpi (A) and th
panel A are representative of 2 independent repetitions and the data presented in paResults
RUB replication in embryonic and adult cell lines
Two lines of human fetal cells (HEF and Hs143we) and one
line of human adult cells (Hs888Lu) were infected with RUB at
an MOI of 10 pfu/cell and the infection was followed through 7
days post-infection (dpi). Virus production was similar in one
line of human fetal cells (HEF) and the line of human adult cells
(Hs888Lu), reaching titers of ∼104 pfu/ml by 3 dpi and ∼106
pfu/ml by 7 dpi, while in the second line of human fetal cells
(Hs143we) titers never exceeded ∼104 pfu/ml (Fig. 1A). By 3
dpi, roughly 35% of the cells in the adult Hs888Lu cultures and
50% of the cells in the fetal HEF cultures were infected, and
these values rose to 45% and 70% by 5 dpi (Table 1). Such
asynchronicity is characteristic of RUB infections, even in
permissive cell lines, such as Vero cells, which were included as
a control in many of these experiments. In contrast, less than 5%
of fetal Hs143we cells were infected by 5 dpi. No cytopathic
effect (CPE) was observed in the two fetal cell lines while
moderate CPE was observed in the adult cell line. Some of the
infected adult Hs888Lu cells exhibited morphological features
characteristic of apoptosis (cell contraction, rounding, nuclear
condensation, and fragmentation) and using a TUNEL assay,
roughly 10% of the cells in RUB-infected adult Hs888Lu
cultures were found to be apoptotic while the percentage of
apoptotic cells in infected fetal HEF or Hs143we cultures did
not differ from the mock-infected controls (Fig. 1B), confirming
our earlier results (Adamo et al., 2004).
Gene chip analysis of regulation of gene expression in
RUB-infected cells
Fetal HEF and adult Hs888Lu cells at 3 dpi were chosen for
analysis of gene expression, a time at which one third to one half
of the cells in the culture were infected. Of 33,000 genes
interrogated, 632 and 516 genes were up- or downregulatedVero cells were infected with RUB (MOI=10 pfu/cell) and titer of virus present
e percentage of apoptotic cell was determined at 5 dpi (B). The data presented in
nel B are the average of 3 independent repetitions.
Table 1
Infected cell percentages
Cell line % of infected cells a
3 dpi 5 dpi
Vero nd 96.75±3.3
HEF 50.7±12.5 73.4±9.1
Hs888Lu 34.3±9.2 44.5±8.1
Hs143we nd 3.3±2.3
a Cultures of the indicated cell lines were infected with RUB
(MOI=10 pfu/cell) and the percentage of infected cells was determined by
IFA at 3 and 5 dpi.
Table 3
IFN-stimulated genes upregulated in both HEF and Hs888Lu by RUB infection
Gene Gene
symbol
Average fold
change
HEF Hs888Lu
Cell defense/immune response
2′–5′-oligoadenylate synthetase 1, 40/46 kDa OAS1 88.12 64.49
2′–5′-oligoadenylate synthetase 2, 69/71 kDa OAS2 24.21 16.95
2′–5′-oligoadenylate synthetase 3, 100 kDa OAS3 27.25 23.1
DEAD (Asp–Glu–Ala–Asp) box
polypeptide 58
DDX58 19.76 14.23
Guanylate binding protein 5 GBP5 13.28 23.31
Interferon, gamma-inducible protein 16 IFI16 6.11 2.59
Interferon-induced protein 44 IFI44 9.49 12.39
Interferon-induced protein with
tetratricopeptide repeats 1
IFIT1 32.26 21.45
Interferon-induced protein with
tetratricopeptide repeats 3
IFIT3 32.98 20.89
Interferon-stimulated transcription factor 3,
gamma 48 kDa
ISGF3G 2.54 2.97
Interleukin 24 IL24 3.05 32.32
Major histocompatibility complex, class I, B HLA-B 2.5 5.16
Major histocompatibility complex, class I, F HLA-F 4.03 4.3
Myxovirus (influenza virus) resistance 1, MX1 105.34 161.43
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Hs888Lu cells, respectively, in comparison to uninfected
control cells (a list of the individual genes up- and down-
regulated in infected cells is given in Supplementary Table 1).
The distribution of these regulated genes across standard
functional gene categories was similar in the two cell types
(Supplementary Table 2). Strikingly, however, of 1096 genes
regulated in either cell type, only 52 (4.7%) were regulated in
both cell types (Table 2, individual genes regulated in both cell
types are listed in Supplementary Table 3).
Interferon response
Of the 38 genes upregulated in both cell types, sixteen were
in the “Innate defense and immune regulation” category and it
was among these genes that the greatest magnitudes of change
in expression were observed. The majority of these were
associated with the interferon (IFN) response (Table 3). In spite
of the robust IFN-stimulated response, none of the IFNα genes
were upregulated in either cell type and IFNβ gene induction
was only detectable in fetal HEF at the 3 dpi time point
(upregulated by 12-fold).
When IFN was assayed in the medium of infected cells at
several time points post-infection (Fig. 2), both cell types
showed a burst of IFNα expression in the first 24 h after
infection. The highest peak of IFNα in RUB-infected HEF was
at 12 hpi followed by a maximal peak of IFNβ expression at 24
hpi. After 36 hpi, no IFNα and a persisting low level of IFNβ
were present throughout the experimental time course. In
contrast, the peak of IFNα expression in RUB-infected
Hs888Lu cells occurred at 24 hpi, no initial peak of IFNβ
was detected, but similar to RUB-infected HEF, no IFNα andTable 2
Similarly and differentially regulated genes in RUB-infected HEF and Hs888Lu
cells
Subsets of genes Number
Upregulated in both Hs888Lu and HEF 38
Upregulated in Hs888Lu but not changed in HEF 271
Upregulated in Hs888Lu but downregulated in HEF 1
Not changed in Hs888Lu but upregulated in HEF 298
Not changed in Hs888Ly but downregulated in HEF 282
Downregulated in Hs888Lu but upregulated in HEF 3
Downregulated in Hs888Lu but not changed in HEF 193
Downregulated in both Hs888Lu and HEF 10persisting low level of IFNβ were present throughout the
remainder of the time course. This finding explained the lack of
IFNα gene upregulation at the 3 dpi time point in either cell line.
In addition, in occasional specimens from RUB-infected
Hs888Lu cells no IFN was detected at 3 dpi, likely explaining
the lack of IFNβ gene upregulation in this cell line at this time
point. When induced with a standard concentration of polyIC
(50 μg/ml), both IFNα and -β were induced in both cell types;
the peak amounts of both induced by polyIC were 2–4 times
greater than the peak amounts induced by RUB infection and
the kinetics of induction were different. Following polyIC
induction of HEF, both IFNα and -β were expressed by 12 h,
peaked at 24 h, and then persisted through 70 h, the end of the
experiment. In contrast, in Hs888Lu cells, peak expression was
at 12 h post-induction after which expression fell off to low or
undetectable levels at 24 and 48 h post-induction.
To determine the effect of the IFN present in the medium on
RUB infection, two experiments were done. First, fresh cells
were pre-incubated with medium from the same cell type
infected with RUB [collected 3 dpi, at which time only IFNβ
was detectable in the culture medium (Fig. 2)] that had beeninterferon-inducible protein p78 (mouse)
Myxovirus (influenza virus) resistance
2 (mouse)
MX2 56.13 24.31
Tumor necrosis factor, alpha-induced protein 6 TNFAIP6 28.79 3.64
Cell signaling/intracellular signaling cascades
CASP8 and FADD-like apoptosis regulator CFLAR 2.68 2.09
Regulation of transcription/transcription rate
E74-like factor 1 (ets domain transcription
factor)
ELF1 2.9 2.54
Signal transducer and activator of
transcription 2, 113 kDa
STAT2 5.16 2.04
SP110 nuclear body protein SP110 10.2 3.82
Tripartite motif-containing 22 TRIM22 2.41 2.72
Fig. 2. Interferon induction in RUB-infected and polyIC treated cells. Cultures of Hs888Lu and HEF were infected with RUB (MOI=10 pfu/cell) or treated with
polyIC (50 μg/ml) and IFNs in the culture medium were determined at the indicated time points. The data presented are the average of two (polyIC) or three (RUB
infection) independent repetitions. A: IFN alpha in RUB-infected HEF and Hs888Lu. B: IFN beta in RUB-infected HEF and Hs888Lu. C: IFN alpha in HEF and
Hs888Lu after treatment with polyIC. D: IFN beta in HEF and Hs888Lu after treatment with polyIC.
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infection. As shown in Figs. 3A and B, virus titers were reduced
by 2–3 logs (in comparison to cells pre-incubated with UV-
irradiated mock-infected cell medium) and the percentage of
infected cells was reduced by half (Figs. 3A and B). In the
second, converse experiment, both cell types were infected inFig. 3. Growth of RUB in cells pretreated with IFN-containing medium. Growth medi
and virus was UV inactivated at 20,000 μJ/cm2 for 20 min on ice. Fresh Hs888Lu cell
Hs888Lu cells for 24 h followed by infection with RUB (10 pfu/cell) and likewise,
infected HEF for 24 h followed by infection with RUB. Titer of virus present in the
percentage of infected cells was determined at 3 dpi (B). The data presented in panel A
the average of 3 independent repetitions.the presence of anti-IFNα and -β antibodies and it was found
that virus titers increased by over 2 logs and the percentage of
infected cells at 3 dpi doubled in comparison to control cells
infected in the absence of anti-IFN antibodies (Figs. 4A and B).
Thus, the interferon response was effective reducing virus
replication and the resulting rate of spread, although it did notum from mock-infected or RUB-infected Hs888Lu and HEF was harvested 3 dpi
s were then incubated with UV-inactivated medium from mock- or RUB-infected
fresh HEF were incubated with UV-inactivated medium from mock- or RUB-
culture medium was determined by plaque assay at 1, 3, and 5 dpi (A) and the
are representative of 2 independent repetitions. The data presented in panel B are
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sence of anti-IFN antibodies no CPE was observed in infected
fetal HEF cells, however in infected adult Hs888Lu cells CPE
was more profound than in the absence of antibodies (Fig. 4C)
and the percentage of apoptotic cells doubled to ∼20%
(Fig. 4D). We also infected fetal Hs143we cells in the presence
of anti-IFN antibodies with the result that virus titers rose by
two logs and the percentage of infected cells increased by
tenfold by 5 dpi. Thus, the IFN response was critical in the
resistance of these cells to RUB infection.
Genes associated with apoptosis
A number of pro- and anti-apoptotic genes were up- and
downregulated in RUB-infected fetal HEF and adult Hs888Lu
(Supplementary Table 4). With the exception of two genes, IL24
and CFLAR (CASP8 and FADD-like apoptosis regulator), and
the interferon-inducible MX and OAS genes, the apoptoticFig. 4. Growth of RUB in cells pretreated with anti-IFN serum. Cultures of Hs888Lu
infected with RUB (MOI=10 pfu/cell) in the presence of the anti-interferon serum.
assay (A) and the percentage of infected cells was determined (B). In both cases, the da
Giemsa for microscopy at 7 dpi (C) and the percentages of apoptotic cells were detresponse genes regulated in the two cell types were mutually
exclusive and the magnitude of regulation was not as great as
with the IFN-stimulated genes. We therefore corroborated our
gene chip findings of up- or downregulated genes in this
category using an RT-PCR array covering genes involved in
apoptosis (only a subset of the up- or downregulated genes
listed in Supplementary Table 4 were included in this assay). As
shown in Table 4, for the most part, the level of up- and
downregulation detected by the gene chips was confirmed by
the RT-PCR assay.
More pro-apoptotic genes were upregulated in RUB-
infected adult Hs888Lu cells than in RUB-infected fetal HEF
and, conversely, more anti-apoptotic genes were upregulated in
RUB-infected fetal HEF than in RUB-infected adult Hs888Lu
cells. Concomitantly more anti-apoptotic genes were down-
regulated in RUB-infected adult Hs888Lu cells than in RUB-
infected HEF (Table 5). Thus gene regulation in RUB-infected
Hs888Lu cells would appear to favor apoptosis to a greatercells and HEF were incubated with anti-Type I IFN antiserum for 24 h and then
At 3 dpi, titer of virus present in the culture medium was quantitated by plaque
ta presented are the average of 2 independent repetitions. Cells were stained with
ermined by TUNEL assay at 5 dpi (D; average of 2 independent repetitions).
Table 4
Differential levels of gene expression as determined by DNA microarray and real time RT-PCRa
Gene symbol Gene title DNA microarray Real time RT-PCR
Gene expression in RUB-infected HEF compared to mock-infected HEF
APAF1 Apoptotic peptidase activating factor −3.22 b −1.30 b, c
CASP1 Caspase 1, apoptosis-related cysteine peptidase (interleukin 1, beta, convertase) 15.37 6.63
CFLAR CASP8 and FADD-like apoptosis regulator 2.68 1.38
DAPK1 Death-associated protein kinase 1 −2.32 −5.59
RIPK2 Receptor-interacting serine–threonine kinase 2 2.13 1.76 c
Gene expression in RUB-infected Hs888Lu compared to mock-infected Hs888Lu
CFLAR CASP8 and FADD-like apoptosis regulator 2.09 2.07
Gene expression in HEF compared to Hs888Lu
BCL2L10 BCL2-like 10 3.07 4.54
CASP1 Caspase 1, apoptosis-related cysteine peptidase (interleukin 1, beta, convertase) −9.87 −4.72
CASP4 Caspase 4, apoptosis-related cysteine peptidase −2.93 −2.17
CASP8 Caspase 8, apoptosis-related cysteine peptidase −2.74 −6.44
LTBR Lymphotoxin beta receptor (TNFR superfamily, member 3) −4.3 −1.62 c
TNFRSF11B Tumor necrosis factor receptor superfamily, member 11b (osteoprotegerin) −11.42 −6.96
a The indicated pro- and apoptotic genes found to be up- or downregulated by microarray (N2-fold) were also analyzed using a quantitative RT-PCR assay to confirm
the level of up- or downregulation.
b Negative values indicate downregulation.
c Regulation of b2-fold that were statistically significant (p valuesb0.05).
Table 6
CPE induced by apoptosis-inducing reagents in Vero, Hs888Lu, and HEF cells
Cells Treatment Time of treatment (h)
3 6 24 48 72 96
Vero DMSO − − − − − −
Actinomycin D − − ++ ++++ +++++ All
dead
Camptothecin − − ++ ++ ++++ All
dead
Cycloheximide − − −/+ ++ +++ ++++
Dexamethasone − − − − −/+ −/+
Etoposide − − −/+ ++ ++ +++
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pared the basal level of expression of this gene set in uninfected
fetal HEF vs adult Hs888Lu cells, we found that more than
four times as many pro-apoptotic genes were downregulated in
HEF as in Hs888Lu cells and roughly 50% more anti-apoptotic
genes were upregulated in HEF as in Hs888Lu cells (Table 5;
individual genes are compiled in Supplementary Table 4).
Considering these results, we formulated the hypothesis that
it was the prevailing background of expression, in addition to
differential up- and downregulation of pro- and anti-apoptotic
genes following infection, that determined whether infection led
to apoptosis. To test this hypothesis, we treated adult and fetal
cell cultures with a battery of reagents (actinomycin D, camto-
thecin, cycloheximide, dexamethasone, and etoposide) known
to induce apoptosis by interfering with different cellular
processes in many cell types. By the time this experiment was
done, the HEF line had expired and thus a new HEF line from a
seven-week embryo (HEF7) was employed. RUB titersTable 5
Up- and downregulated pro- and anti-apoptotic genes a
RUB-HEF
vs HEFb
RUB-Hs888Lu
vs Hs888Lu c
HEF vs
Hs888Lu d
Pro-apoptotic
genes
Upregulated 13 (2.06%) 18 (3.49%) 12 (1.42%)
Downregulated 7 (1.11%) 6 (1.16%) 45 (5.33%)
Anti-apoptotic
genes
Upregulated 12 (1.90%) 7 (1.36%) 45 (5.32%)
Downregulated 6 (0.95%) 11 (2.13%) 32 (3.79%)
a Individual up- and downregulated genes are listed in Supplementary Table 4.
b Percentage is based on a total number of 632 genes which exhibited a
≥2-fold change in expression in this comparison.
c Percentage is based on a total number of 516 genes which exhibited a
≥2-fold change in expression in this comparison.
d Percentage is based on a total number of 845 genes which exhibited a
≥2-fold change in expression in this comparison.produced following infection of this cell line and the percentage
of infected cells were similar to HEF (data not shown). As
shown in Table 6, HEF7 were less sensitive to the battery of
apoptotic agents, exhibiting resistance to camptothecin andTime of treatment (days)
1 2 3 4 5 6
Hs888Lu DMSO − − − − − −
Actinomycin D −/+ ++ ++ +++ ++++ +++++
Camptothecin −/+ + ++ +++ ++++ +++++
Cycloheximide + + ++ +++ ++++ +++++
Dexamethasone − − −/+ + ++ ++
Etoposide −/+ + ++ +++ ++++ +++++
HEF DMSO − − − − − −
Actinomycin D − − − ++ +++ ++++
Camptothecin − − − − + +
Cycloheximide − + ++ ++ +++ +++
Dexamethasone − − − − − −
Etoposide − − − −/+ + +
CPE key: −/+. less than 5% cell death; +. ∼10% cell death; ++. ∼25% cell
death; +++. ∼50% cell death; ++++. ∼75% cell death; +++++. ∼95% cell
death. The experiment was repeated twice. The data presented are from one
experiment and are representative of both independent repetitions.
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of morphological cell death following treatment with actino-
mycin D and cycloheximide compared with Hs888Lu. Neither
cell line was sensitive to dexamethasone. These results were
confirmed using a TUNEL assay to detect induction of apop-
tosis (data not shown).
Discussion
In this and our previous study (Adamo et al., 2004), the
cellular response to RUB infection was studied in human cells.
Recent studies on induction of apoptosis, cell cycle perturba-
tions, and alterations in survival and proliferation pathways by
RUB were conducted in cells of simian, hamster, or rabbit
origin selected because of lack of a functional interferon system
leading to permissiveness for virus replication in the former two
cases or susceptibility to RUB-induced cytopathic effect in the
latter case. In our two studies, we have now studied RUB
infection in explants of chorionic villi (ECV) taken from normal
human term placentas (seven independent explants); primary
cultures of cytotrophoblasts (CTB) isolated from normal human
term placentas (three independent primary cultures); Hs888Lu,
a diploid line of fibroblasts from human adult lung; Hs143we, a
diploid line of human embryo fibroblasts derived at 6 weeks of
gestation; and primary human embryo fibroblasts (HEF)
derived at 7–10 weeks of gestation (ten independent primary
cultures). In all but the Hs143we cell line, infection at a high
multiplicity of infection led to an asynchronous infection,
typical of RUB infection in permissive cell lines. In these cases
the majority of cells were eventually infected and a moderate
titer was produced. Thus, it is possible to conduct studies of
RUB infection and the cell response in human cell lines.
The impetus for the present study was to follow up our
previous observation that RUB induced apoptosis in
nonproliferative, differentiated cells (ECV and CTB) but not
in proliferative fetal cells and we confirmed that finding
using cell lines independent from those used in the previous
study [fetal Hs143we cells and HEF (a different isolation
than used in the previous study) and adult Hs888Lu cells].
Using a standard two-fold cutoff, we found that ∼500–600
genes out of 33,000 interrogated (b2%) were up- or
downregulated following virus infection. Up- or downregula-
tion of genes grouped in functional categories was roughly
comparable between infected fetal and adult cells, but over
90% of the genes up or downregulated were cell type-specific
and only 52 genes were regulated in both cell types. This is
undoubtedly due to developmental differences in gene acti-
vity between fetal and adult cells, however it is also possible
that tissue specific differences are also at play since the adult
cells were derived from lung while the fetal cells derived
from whole embryo. It will be important to generate similar
data from additional independent cell lines following RUB
infection to ascertain which genes are reproducibly up- or
downregulated.
The one set of genes regulated in common by infection of
both fetal and adult cells was interferon-stimulated genes
(ISGs). In both cell types, an initial spike of IFNα inductionfollowed by a protracted induction of IFNβ was observed.
Among the ISGs detected, the OAS genes, MX genes, and
IFIT genes were the most dramatically upregulated (N20 fold
in both cell types); this is the first documentation of induction
of specific ISGs in response to RUB infection of human cells.
It has been reported that the antiviral IFN response is active in
cultures of human trophoblasts at the first trimester of gesta-
tion (Uchide et al., 2005). Our results document a potent IFN
response functioning as an antiviral mechanism in fibroblasts
derived from a human embryo of 10 weeks gestation; we are
unaware of other reports in the literature of the presence of an
IFN response this early in development. Despite the IFN-
stimulated antiviral response, a majority of cells in both cell
types were eventually infected. We found however that pre-
treatment of cells with medium from RUB-infected cells,
containing a low level of IFNβ, reduced both the spread and
titer of virus while inclusion of anti-IFN antiserum in the
medium of the infected culture leads to increased titers and
more rapid virus spread. Thus, the IFN response counteracts,
but does not eliminate, virus in the infected culture. Similar
conclusions were drawn in previous studies of RUB infection
in several IFN-competent and -deficient cell lines (Mifune et
al., 1970; Stanwick and Hallum, 1974; Wong et al., 1967).
This project was initiated to study the differential induction
of apoptosis among cell types. In adult Hs888Lu cells, inclusion
of anti-IFN anti-serum in the infected culture medium increased
apoptosis, indicating that apoptosis could be induced by an IFN-
independent mechanism. However, of the ISGs upregulated in
RUB-infected adult Hs888Lu were several known to be
associated with induction of apoptosis, such as the MX genes,
the OAS genes, and PKR. In addition, several of the other pro-
apoptotic genes upregulated in RUB-infected adult Hs888Lu
cells have been associated with the interferon response,
including PML, XIAP-associated factor-1 (BIRC4BP),
FOXO3A, and IL24 (Chawla-Sarkar et al., 2003; Kim et al.,
2005; Chada et al., 2004). Therefore, in RUB-infected adult
Hs888Lu cells, apoptosis is likely triggered by both IFN-
dependent and -independent pathways.
In RUB-infected fetal HEF, apoptosis was not observed.
Nevertheless, upregulation of pro-apoptotic genes such as MX,
OAS, and IL24, similar to RUB-infected adult Hs888Lu cells,
was detected. Apoptosis was likewise not observed in the
absence of IFN, indicating a circumvention of both IFN-
dependent and -independent pathways. In comparison with
RUB-infected adult Hs888Lu cells, fewer pro-apoptotic cells
were upregulated in RUB-infected fetal HEF and more anti-
apoptotic genes were upregulated and fewer downregulated.
Thus, differential pro- and anti-apoptotic gene regulation would
appear to favor apoptosis in the adult cells and lack of apoptosis
in the fetal cells following RUB infection. However, in addition
to analyzing gene expression following RUB infection, we
compared the relative level of expression of pro- and anti-
apoptotic genes in the uninfected fetal and adult cell lines, with
the finding that anti-apoptotic genes were expressed at a higher
level in HEF than in Hs888Lu cells and pro-apoptotic genes
were expressed at a lower level. This led us to hypothesize that
RUB infection does not induce apoptosis in fetal cells due to the
8 M.P. Adamo et al. / Virology 370 (2008) 1–11prevailing background of gene expression that is antagonistic to
apoptosis. To test this hypothesis, we treated Hs888Lu and HEF
with a standard battery of five apoptotic reagents and found an
increased level of resistance of HEF to apoptosis induction by
four of the five reagents (the fifth did not induce apoptosis in
either cell line), congruent with our hypothesis.
As we hypothesized in our previous study, the failure to
induce apoptosis in RUB-infected fetal cells would promote
virus persistence. Avigorous humoral response against the virus
is generated in infected fetuses; however it has been shown that
virus persistence in cell culture can be maintained in the
presence of neutralizing antibodies (Abernathy et al., 1990;
Rawls and Melnick, 1966; Williams et al., 1981). CRS patients
also have defects in RUB-specific cell-mediated immunity as
measured by lymphocyte proliferative assays (as these studies
were done N25 years ago, it would be of interest to study the cell
mediated response in CRS patients with more recent reagents to
gain understanding into the specific nature of the defect). While
such defects explain the inability of CRS patients to clear virus
persistence by the time of birth, at the critical time in gestation
during which congenital defects are induced, i.e. the first twelve
weeks, the immune system has yet to mature underscoring the
importance of apoptosis as a potential mechanism of virus
clearance particularly considering that the interferon system
only appears to slow virus replication.
Fetal defects in CRS are associated with reduced tissue or
organ size due to reduced cell number, leading to the
hypothesis that the virus infection interferes with cell survival,
proliferation and/or differentiation at early stages of organo-
genesis. There has been speculation that cell survival was
compromised by induction of apoptosis (Pugachev and Frey,
1998; Duncan et al., 1999; Hofmann et al., 1999; Megyeri et
al., 1999; Atreya et al., 2004b), although our findings that
infected fetal cells do not undergo apoptosis would appear to
rule this possibility out as a general mechanism. Nevertheless,
RUB infection of specific fetal cell types may lead to induction
of apoptosis. In terms of cell survival and proliferation, RUB
infection both upregulated and downregulated a number of
genes involved in cell growth and proliferation as well as
signaling (Supplementary material). It was recently shown that
RUB infection of RK13 cells increased phosphorylation of
components of the Ras-Raf-MEK-ERK pathway (Cooray et
al., 2005). Fibroblast growth factor 2, associated with the
induction of this pathway, is induced in Hs888Lu following
RUB infection (Supplementary material) and we are in the
process of testing the phosphorylation state of these compo-
nents in RUB-infected human cells to see if this cell survival
pathway is altered or compromised. It was of interest that
genes involved in development were also up- and down-
regulated in RUB-infected HEF (e.g. three homeobox genes;
Supplementary material). Thus, RUB infection could have
a major effect on growth and differentiation of embryonic
cells.
However, inter-cellular factors, namely interferons, were
also upregulated in RUB-infected HEF and in the presence of a
persistent infection, as during congenital RUB infection,
interferon induction would be continuous. In addition, cyto-kines were upregulated as well; in particular, CCL5 or
RANTES was upregulated 90-fold in RUB-infected HEF
(Supplementary material). The action of these factors could
also profoundly disrupt growth and proliferation pathways in
developing and differentiating cells and thus contribute to
congenital defects. In this regard, chemokines have been sug-
gested to play important roles in development, particularly
neurodevelopment (Bakhiet et al., 2001; Rezaie et al., 2002).
This scenario fits with the finding that very few cells (1/1000 or
less) in an RUB-infected fetus actually harbor virus (Rawls
et al., 1968).
Materials and methods
Cell cultures and virus
The Cordoba strain, an isolate from Cordoba, Argentina, of
RUB was propagated and titered in Vero cells as previously
described (Forng and Frey, 1995; Hemphill et al., 1988; Wang et
al., 1994). Four human cell lines were employed: HEF and
HEF-7, primary cultures of human embryo fibroblasts from 10
and 7 week human spontaneous abortuses, respectively, estab-
lished as previously described (Adamo et al., 2004) (by mor-
phological examination following H&E staining, 95.47%±
2.78% of the cells in the HEF culture and 97.67%±1.83% of the
cells in the HEF7 culture were fibroblastic; Hs888Lu, a diploid
line of human adult lung fibroblasts (ATCC# CCL-211); and
Hs143we, a diploid fibroblast line derived from whole human
embryo (ATCC# CRL-7092)). The method for generating
primary cultures of human embryo fibroblasts was approved by
the Bioethics Committee at Facultad de Ciencias Medicas,
Universidad Nacional de Cordoba, Argentina, and the utiliza-
tion of these cells was approved by the IRB of Georgia State
University. These cell lines were grown in RPMI 1640 (Gibco)
supplemented with 10% FBS at 37 °C under 5% CO2. The cell
lines were generally maintained for 15 passages before
senescence was observed, at which time the culture was rege-
nerated from a vial of low passage number cells stored in LN2.
∼90–100% confluent cultures were infected with RUB at an
MOI of 10 pfu/cell in RPMI 1640 containing 5% FBS at 37 °C.
Mock-infected control cultures were processed in parallel with-
out virus.
Microscopy
All microscopy was done using a Zeiss Axioplan 2
microscope with epifluorescence capability and images were
captured with an Axio Cam HRc Zeiss camera and Axioplan 2
Imaging software.
Giemsa staining
Cell monolayers grown in 4-well chamber slides were rinsed
gently with PBS and fixed with methanol for 10 min at −20 °C.
Cultures were stained (10% Gurrs improved RGG Giemsa) for
1 h, washed with distilled water, and mounted using Clarion
(Santa Cruz).
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Cultures in 8-well chamber slides were rinsed with PBS
and fixed with 4% paraformaldehyde. The cells were
permeabilized with 1% NP40, blocked with 1% bovine serum
albumin, and incubated with mouse monoclonal antibodies
against RUB E1 and E2 (Viral Antigens) followed by
incubation with secondary biotin-conjugated goat anti-mouse
antibodies (Sigma) and Texas Red-conjugated Streptavidin
(Gibco). Hoechst 33342 was used as a counter stain. To deter-
mine the percentage of infected cells, nuclei and cells stained for
virus antigens were counted in at least three randomly selected
fields at 20× magnification.
TUNEL assay
To detect apoptotic cells, an in situ cell death detection kit
(Roche) was used following the manufacturer's protocol. The
percentage of apoptotic cells was determined by counting cells
under white light and fluorescent apoptotic nuclei in at least
three randomly selected fields at 20× magnification.
Experiments with IFN and anti-IFN antibodies
Human IFNα- and human IFNβ-ELISA Kits (PBL Biome-
dical Laboratories) were used to detect IFNα and -β in the
medium of infected cultures and in cultures treated with 50 μg/
ml polyIC (Amersham). To biologically test for IFN activity,
medium was collected from RUB-infected or mock-infected
Hs888Lu and HEF at 3 dpi and RUB was inactivated by
exposure to UV light (20,000 μJ/cm2, 20 min on ice). Fresh
cultures of Hs888Lu and HEF were incubated with UV-
inactivated medium from the corresponding mock- or RUB-
infected culture for 24 h prior to infection. Monoclonal anti-
IFNα and anti-IFNβ antibodies were purchased from PBL.
Twenty-four hours prior to infection, cultures were treated with
0.5 μg/ml of each antibody and during infection both antibodies
were maintained in the culture medium at a concentration of
0.5 μg/ml/day.
RNA extraction and target preparation
RNAwas extracted from cells in 60 mm plates at 3 days post-
infection with TRI Reagent (MRC) using the manufacturer's
protocol. RNA quality was assessed by electrophoresis in 1%
agarose gels containing 1 μg/ml ethidium bromide and by
absorbance at 260 nm and 280 nm. RNA concentration was
quantified by absorbance at 260 nm. Aliquots containing 5 μg
of total RNA were used for biotinylated copy RNA synthesis
(biotin-cRNA) using the One Cycle Target Labeling and
Control Reagents Kit (Affymetrix), strictly adhering to the
instructions in the Affymetrix Expression Analysis Technical
Manual (http://www.affymetrix.com/support/technical/manual/
expression_manual.affx). High quality biotin-cRNA was gen-
erated as assessed by agarose gel electrophoresis and by the
housekeeping control signal output 3′/5′ ratios of internal
control genes (provided by Affymetrix). Biotin-cRNA sampleswere fragmented by incubating the biotin-cRNA in the buffer
provided by Affymetrix at 94 °C, 35 min, as indicated in the
GeneChip Expression Analysis Technical Manual, before
hybridization.
Microarrays and hybridizations
The high-density oligonucleotide human genome HG U-
133 Set (A+B) chips from Affymetrix were used in this study
with which the expression of approximately 33,000 human
genes could be interrogated. Fifteen micrograms of each
biotin-cRNA sample was hybridized independently to the A
and B chips of the set and eukaryotic hybridization controls
(Affymetrix) were included in each hybridization cocktail.
Following hybridization, the arrays were washed, stained with
Streptavidin Phycoerythrin, and scanned using an Agilent
GeneArray Scanner (Agilent Technologies). Images were ana-
lyzed with Affymetrix Microarray Suite v. 5.0 (MAS v.5.0)
software. Two independent replicate hybridization assays were
done: the biotin-cRNAs used in these replicates were produced
from two total RNA samples extracted from two independent
infections/mock infections of HEF and Hs888Lu cells. Each
hybridization assay met the quality control standards of the
manufacturer.
Gene expression analysis
Data from the hybridization assays were analyzed with
Affymetrix MAS v.5.0 and Data Mining Tool 3.0 (DMT v.3.0)
software. Comparisons between RUB-infected HEF (experi-
ment) versus mock-infected HEF (baseline), RUB-infected
Hs888Lu (experiment) versus mock-infected Hs888Lu (base-
line), and mock-infected HEF (experiment) versus mock-
infected Hs888Lu (baseline) were performed. Average signal,
standard deviation, fold-changes, and p values using the t-test
were calculated. Changes in gene expression with pb0.05 were
considered significant. The Gene Ontology tool obtained from
the Affymetrix web site (https://www.affymetrix.com/analysis/
netaffx/index.affx) was used to define gene groups according to
function. Additionally, pro- and anti-apoptotic genes were
ascertained through PubMed.
Real time RT-PCR
Total RNA extracted from three independent infections/
mock infections of HEF and Hs888Lu cells (3 dpi) (one of these
RNA samples was also analyzed by gene chip while the other
two were not) were treated with TURBO DNA-free (Ambion)
to remove DNA and purified using an RNeasy Mini Kit
(Qiagen). The quality and quantity of RNA samples were
assessed by UV spectrophotometry and electrophoresis: RNA
concentration and purity were evaluated by A260 and A260:A280,
and A260:A230 ratios and integrity of rRNA bands following
agarose gel electrophoresis and ethidium bromide staining.
0.5 μg aliquots of each RNA sample with demonstrated quality
were subsequently retro-transcribed with RT2 PCR Array First
Strand Kit form SuperArray, which synthesizes cDNA using
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built-in external RNA control to test for inhibitors of reverse
transcription. The level of RNA quality and transcription
efficiency was further assessed by characterizing the cDNA
products with the RT2 RNA QC PCR Array and RT2 Real-
Time™ SYBR Green/ROX PCR Master Mix (SuperArray). All
of the samples met the quality parameters specified by the
manufacturer. Real time PCR was performed with RT2
Profiler™ PCR Array Human Apoptosis and RT2 Real-
Time™ SYBR Green/ROX PCR Master Mix (SuperArray)
using an Applied Biosystems 7500 Real-Time PCR System.
Dissociation curves for each gene amplified showed only one
peak. GADPH and HPRT1 threshold cycles were used for
normalization of the threshold cycles of the other genes.
Treatment with chemical apoptosis inducers
Cultures were treated with 5 μM actinomycin D, 1 μM
camptothecin, 50 μMcycloheximide, 5 μMdexamethasone, and
50 μM etoposide from BioVision. Control cultures were treated
with DMSO, with which stock solutions of the apoptotic in-
ducers were formulated. Cytopahic effect (cell detachment) was
followedmicroscopically through 4 to 6 days post-treatment and
a TUNEL assay was performed two days post-treatment.
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